Abstract: In a recent work, we emphasized that an excess in tri-lepton events plus missing energy observed by the ATLAS experiment at the LHC could be interpreted as a signal of low energy supersymmetry. In such a scenario the lightest neutralino mass is approximately m χ ≃ 60 GeV and the direct Dark Matter detection cross section is naturally below the current bound. In this work we present simple extensions of this scenario that lead to an explanation of the gamma ray excess at the center of the galaxy observed by Fermi-LAT, as well as the anti-proton excess observed by AMS-02. These extensions include the addition of a small CP violating phase in the neutralino sector or the addition of a light CP-odd Higgs scalar. Our study is of special relevance in view of a recent analysis that casts doubt on the previously accepted preference for mili-second pulsars as the origin of the galactic center excess.
Introduction
Low energy supersymmetry is undergoing heavy scrutiny from a large number of experimental probes, including missing energy signatures at the LHC, and direct and indirect Dark Matter (DM) searches. Currently, collider searches for low energy supersymmetry (SUSY) have led to no conclusive evidence of its existence at the weak scale. Strongly interacting supersymmetric particles are constrained by LHC experiments to be above a scale of the order of a TeV [1-6], whereas bounds on weakly interacting particles are far less severe, and are of the order of a few hundred GeV.
In a previous article [7] we interpreted a recently observed excess in tri-lepton plus missing energy events [8] in terms of low energy SUSY. The pertinent LHC analysis was performed by the ATLAS collaboration using a newly developed Recursive Jigsaw Reconstruction (RJR) method [9, 10] , which is well suited to study compressed spectra, and is sensitive to regions of parameters that may lead to no apparent signal events in conventional searches [11, 12] . The reported excess was further supported by analyses performed by the GAMBIT collaboration, which argued that since the bounds from conventional searches were obtained by simplified scenarios, they may not accurately capture the properties of signals obtained in more realistic models [13, 14] . The preferred region of masses to explain the LHC excess was found to be for a mostly bino-like neutralino with mass of about 60 GeV, and a mostly Wino-like neutralino with a mass of about 160 GeV. Obtaining the proper Dark Matter (DM) relic density lead to the preference for Higgsinos with masses below 500 GeV, and values of tan β > ∼ 10. This region of parameters leads to a sizable contribution to the muon anomalous magnetic moment favored experimentally [15] , and is also consistent with the requirement of obtaining the correct Higgs mass in the Minimal Supersymmetric Standard Model (MSSM) [16] [17] [18] [19] [20] .
Indirect searches for DM have led to the observation of a significant gamma ray excess at the center of the galaxy [21, 22] . If interpreted in terms of DM annihilating mainly into bottom-quark pairs, the cross section needed to explain such an excess is close to the one necessary to explain the relic density in a freeze-out scenario [23] [24] [25] [26] . This numerical fact has led to the expectation that the annihilation of a standard Weakly Interacting Massive Particle (WIMP) may be responsible for the observed galactic center excess (GCE). The initial excitement was subsequently contained by an analysis that demonstrated a preference of point-like sources (PSs) to DM as a possible source of the GCE. This suggested some unresolved astrophysical objects, most likely mili-second pulsars, as the origin of the observed excess [27, 28] . However, a recent re-examination [29] of the analysis of Ref. [27] has shown that this reported preference for PSs may be due to a mis-modeling of the real unknown distribution of PSs in the inner galaxy, and calls into question any inference from Ref. [27] that the DM contribution to the GCE is small. Namely, it was found in Ref. [29] that even if one injects an artificially enhanced simulated DM signal (without any point-like sources) into the real Fermi data, the analysis pipeline of Ref. [27] still misattributes this to PSs. Therefore the DM interpretation which was previously thought to be disfavored, can be again considered as the possible origin of the GCE.
Intriguingly, DM masses of about 60 GeV best fit the GCE, and as mentioned above, are consistent with the ones that lead to an explanation of the LHC tri-lepton signatures. Moreover, a recent excess in antiprotons observed by the AMS-02 experiment [30] seems to be consistent with DM annihilating into bottom-quark pairs, with a similar range of DM masses, and for annihilation cross sections consistent with the ones necessary to explain the GCE [31] [32] [33] [34] [35] . In view of all the above, it seems highly relevant to investigate extensions of our previous work [7] that, without changing the main results allowing for the interpretation of a possible LHC excess in the ATLAs tri-lepton plus missing energy signal, could lead to a DM explanation of the GCE (as well as the anti-proton excess observed by AMS-02). In Sec. 2 we will discuss two such extensions involving the CP-violating MSSM (CPVMSSM) and the Next to Minimal Supersymmetric Standard Model (NMSSM), respectively. We reserve Sec. 3 for our Conclusions.
Galactic Center Excess in Supersymmetry
In our previous work [7] the proper DM relic density was obtained by resonant annihilation mediated by the Standard Model (SM)-like Higgs boson h for a lightest bino-like neutralino DM candidate χ with mass ∼ 60 GeV. The relevant Lagrangian density is given by
If the mass parameter and the coupling, m χ and g hχχ , are real, as in the CP-conserving MSSM, the χ annihilation process will be p-wave suppressed and therefore no relevant indirect detection signal is expected. A pseudoscalar coupling of the DM candidate to a mediator is required to generate an s-wave annihilation cross section. Further, as has been explained in Ref. [36] , even for the case of a dominantly s-wave annihilation cross section, due to thermal fluctuations, the matching of a resonantly enhanced annihilation cross section at the freeze-out temperature T F (relevant for the relic density) and T = 0 (relevant for indirect detection) is non-trivial. In particular, in order to get the right indirect detection signal together with an observationally consistent relic density, there must be a particular relation between the mediator couplings to DM and the mediator couplings to SM particles. Actually, it is known that an explanation of the GCE within the CP-conserving MSSM demands masses larger than 60 GeV [37] [38] [39] .
CPVMSSM
If m χ is complex, then an s-wave contribution to the h mediated annihilation cross section will be generated. This happens for instance for a bino DM candidate in the presence of a non-vanishing argument for the bino mass parameter M 1 . In the particular case of arg[M 1 ] = π/2, after absorbing the phase into a redefinition of χ, h will obtain a pseudoscalar coupling to the Majorana neutralino (proportional to (χχ −χχ)), and the annihilation cross section will be entirely s-wave. Hence, for a generic complex m χ one expects potentially relevant indirect detection signals. In particular, a suitable choice of the CP-violating phase allows for coupling relations required for the consistency of the GCE as well as yielding a relic density prediction consistent with observations.
Param. Table 2 . Benchmark mass spectrum generated from the input parameters of Table 1 .
Although the introduction of a non-vanishing phase to M 1 does not impact the trilepton signatures at the LHC, it does lead to the appearance of electric dipole moments (EDMs) which are strongly constrained experimentally [40] . The appearance of CP-violation only in the bino mass parameter, together with a sizable value of the heavy Higgs boson masses, m H + > 1 TeV, suppresses the two-loop contributions to the EDMs [41] [42] [43] [44] . In this case, the main contribution to the electron EDM comes at 1-loop, and scales as the inverse square of the selectron masses. Values of the selectron masses of a few TeV are sufficient to evade the current EDM bounds. However, slepton masses at a scale of a few TeV will not give any significant contribution to the anomalous magnetic moment of the muon, which then remains suppressed as compared to the experimentally favored value.
We numerically verified the above conclusions by using the CPVMSSM implementation in micrOMEGAs 5.0.8 [45, 46] which uses CPsuperH 2.3 [47, 48] as the spectrum generator. We found that for
small values of φ for a neutralino mass |m χ | ∼ 60 GeV can lead to resonant annihilation via h, and one may obtain consistency with the GCE signatures and the observed relic density. The full set of CPVMSSM parameters are shown in Table 1 , leading to approximately the same physical spectrum, tabulated in Table 2 , as the one presented in Ref. [7] . We take all SUSY scalar masses of order M S ≃ 3 TeV, which suppresses all EDMs, and the value of The small difference in the wino mass parameter, M 2 , compared to the value presented in Ref. [7] is mostly due to the loop corrections to the neutralino and chargino spectrum present in the CP-conserving MSSM implementation of micrOMEGAs which was used in our previous work. The difference in A t is related to the different loop corrections used to compute the CP-even Higgs mass in both programs. In the above, Ωh 2 is the DM relic density, σv| v=0 is the annihilation cross section at T = 0, and σ n,p SI,SD are the DM-neutron and -proton spin independent (SI) and spin dependent (SD) cross sections, respectively. The above numbers are in good agreement with current bounds [49] [50] [51] [52] [53] [54] . As we explained in Ref. [7] , similar results for the direct detection cross section are obtained for other choices of the heavy Higgs masses of the order of the TeV scale. Moreover, since the annihilation cross section is mediated by the SM-like Higgs boson, the zero temperature effective annihilation cross section into bb final states is 1.6 × 10 −26 cm 3 /s, in good agreement with the necessary one to explain the GCE. The remaining contributions to σv| v=0 from other channels are approximately proportional to the SM-like Higgs branching ratios (22% into W W * , 8% into gluons, 7% into tau leptons, etc). For m χ ∼ 60 GeV, the main effect of these additional channels will be to slightly broaden the gamma ray spectrum without affecting the main contribution to the GCE in a relevant way.
For the chosen values of the parameters, which include vanishing trilinear slepton mass parameters, A l = 0, the electron EDM obtained with CPsuperH is (1.8×10 −30 ) e cm, which is approximately a factor five lower than the current bound on this quantity [40] . Actually, for these large values of the slepton masses there is a partial cancellation between the 1-and 2-loop contributions that suppresses the electron EDM from its 1-loop value [55] . Indeed, whereas values of the electron EDM of the order of the current experimental bound are obtained for mL = 2 TeV, an approximate cancellation between the 1-and 2-loop contributions occurs for mL ∼ 4 TeV.
NMSSM
An alternative scenario, which was advocated in the context of the GCE in Ref. [36] , is the NMSSM. The appearance of additional CP-odd and CP-even singlets in the NMSSM allows for the presence of extra channels contributing to the resonant annihilation of DM. For a 60 GeV, mostly bino DM candidate, compatibility with the GCE and relic density may be obtained via resonant annihilation mediated by both the CP-odd singlet A 1 (to give the relevant s-wave contribution at zero temperature) as well as through h (to provide Table 4 . NMSSM Benchmark mass spectrum generated from the input parameters of Table 3. the dominant contribution to the finite temperature annihilation cross section relevant for the relic density). 1 One advantage of the NMSSM compared to the CPVMSSM scenario is the possibility of preserving CP and hence avoiding the EDM constraints. One can then lower the slepton masses to values of order 400 GeV, leading to a sizable contribution to the muon anomalous magnetic moment, which is experimentally favored [15] . Using NMSSMTools 5.1.1 [56] [57] [58] [59] [60] [61] which is the spectrum generator for the NMSSM in micrOMEGAs 5.0.8, we choose parameters tabulated in Table 3 , such that, as shown in Table 4 , a similar neutralino/chargino spectrum as in our previous work [7] is obtained. These parameters are consistent with the observed ATLAS excess. Moreover, with the choice of slepton masses ML = 450 GeV, these parameter choices also lead to consistency with the muon anomalous magnetic moment,
The values of the parameters in the singlet sector are selected to keep the lightest neutralino MSSM-like. This is achieved for |κ/λ| > 1, for which the singlino state becomes heavier than the Higgsinos. Since the singlet CP-even scalar tends to be heavy in this region of parameters it does not lead to any large mixing effects on the SM-like Higgs properties. The value of A κ is chosen to obtain a lightest CP-odd mass consistent with the resonant annihilation condition. Finally, the value of A λ was chosen to ensure a heavy enough doublet Higgs spectrum to avoid direct LHC search constraints, and to provide significant cancellations in the direct detection cross section amplitudes [36, 62] . Observe that the same physical spectrum and hence the same physical results can be obtained for a broad range of correlated values of the model parameters.
One In this scenario, since the zero temperature annihilation cross section is mediated primarily by the light pseudoscalar A 1 , the contribution of the bb channel to σv| v=0 is about 90%. Hence, again, the cross section is consistent with the one necessary to explain the GCE. As in the previous scenario, the SI and SD direct detection cross sections are in good agreement with current bounds [49] [50] [51] [52] [53] [54] .
Observe that, albeit small in the resonant case discussed, the mixing of the singlet pseudoscalar and the doublet pseudoscalar state is crucial for obtaining the GCE. In principle, such a mixing also leads to an increase of the production cross section of A 1 at colliders which can be searched for at the LHC. However, even though the lightest pseudoscalar has a mass of about 120 GeV, with BR(A 1 → bb) ∼ 90% and BR(A 1 ∼ τ + τ − ) ∼ 10%, respectively, it's effective gluon-fusion production cross section is only O(1) pb. Such a small production cross section makes it challenging to test at the LHC. The prospects for the heavy CP-even and CP-odd doublet-like Higgs bosons are more interesting. On the one hand, the decays of both H 2 and A 2 into many different weakly interacting states (such as charginos, neutralinos and staus) suppresses their τ -pair signatures, allowing them to evade current limits. On the other hand, their branching ratio into τ -pairs is still ∼4%, which makes them potentially detectable in this channel with more luminosity. Further, their decays into charginos/neutralinos as well as cascade decays into additional Higgs bosons may provide complimentary search handles at the LHC [63] [64] [65] [66] [67] [68] [69] .
Conclusions
In this work, we have presented scenarios that lead to a simultaneous explanation of an excess in tri-leptons plus missing energy at the LHC, a gamma-ray excess at the center of the galaxy, and an antiproton excess in cosmic rays. These are based on either the MSSM with CP-violation in the neutralino sector, or on the NMSSM with a light CP-odd scalar. The lightest neutralino acquires a mass of order 60 GeV, while the second lightest neutralino and the lightest chargino have masses of order 165 GeV. While the CPVMSSM scenario may lead to an observable electron EDM, the NMSSM scenario may be tested by searches at the LHC for heavy scalars decaying to τ pairs, electroweakinos or additional scalars. The latter scenario also gives rise to values of the muon anomalous magnetic moment consistent with current observations.
In closing let us emphasize that while the chargino and neutralino spectrum leading to the explanation of the LHC tri-lepton excess depends crucially on M 2 , the GCE is fairly independent of the value of M 2 . Hence, if the LHC excess were not confirmed, the same scenarios, but for somewhat larger values of M 2 , would still lead to an explanation of the galactic center and antiproton excess, consistent with all observational constraints. 
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